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Congenital vertical talus (CVT), also known as “rocker-bottom foot” deformity, is a dislocation of the talonavicular
joint, with rigid dorsal dislocation of the navicular over the neck of the talus. This condition is usually associated
with multiple other congenital deformities and only rarely is an isolated deformity. The reported familial cases are
consistent with an autosomal dominant mode of inheritance with incomplete penetrance. In contrast, Charcot-Marie-
Tooth disease (CMT) is thought to be a completely distinct heterogeneous group of disorders, with foot abnormalities
that typically develop a high-arched “claw foot” appearance later in life. In the present study, DNA was isolated
from 36 members of a single upstate (northern) New York white family of Italian descent in which both CVT and
CMT were segregating. Whole-genome linkage analysis with Affymetrix GeneChip Mapping 10K Array deﬁned a
7-Mb critical region on chromosome 2q31, which led to candidate-gene sequencing of six HOX genes and detection
of a single missense mutation, M319K (956TrA), in the HOXD10 gene. In the study family, this mutation was
fully penetrant and exhibited signiﬁcant evidence of linkage (LOD 6.33; ), and it very likely accounts forvp 0
both CVT and CMT in heterozygotes.
Congenital vertical talus (CVT [MIM 192950]), com-
monly referred to as “rocker-bottom foot,” is a disloca-
tion of the talonavicular joint, resulting in a character-
istic radiographic near-vertical orientation of the talus
(Robbins 1991). Familial occurrence of this deformity
has been documented, with an autosomal dominantmode
of inheritance and incomplete penetrance (Ogata et al.
1979; Stern et al. 1989; Dobbs et al. 2002). CVT is more
commonly associated with multiple abnormalities (e.g.,
myelomeningocele and neuromuscular syndromes) or
with aneuploidy (e.g., trisomy 18) (Hamanishi 1984). Few
familial cases have been reported, and no chromosomal
location or candidate gene has previously been identiﬁed.
Charcot-Marie-Tooth disease (CMT [MIM 118220])
encompasses a heterogeneous group of disorders with
variable presentation, ranging from patients with severe
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distal atrophy and marked hand and foot deformity to
isolated pes cavus (“claw foot”) andminimal distal-mus-
cle weakness (Pareyson 1999). CMT usually has an auto-
somal dominant mode of inheritance, but X-linked and
rare autosomal recessive modes of inheritance can occur.
Mutations and/or gene dosage abnormalities of four genes
(PMP22, P0, Cx32, and EGR2) have been found to
account for the clinical ﬁndings in CMT.
Standard procedures were used to isolate DNA from
peripheral blood from 36 members of a single family (ﬁg.
1), including DNA from 12 individuals with bilateral
CVT, 2 with bilateral CMT, and 2 with CVT and CMT,
1 of whom had CVT in one foot and CMT in the other
(ﬁg. 2). The segregation pattern (ﬁg. 1) of abnormal feet
in the family was consistent with an autosomal domi-
nant mode of inheritance, including three cases of male-
to-male transmission. Affected family members demon-
strated only foot abnormalities; hands, vertebrae, and
mental faculties were all normal. The family has been
described more fully elsewhere (E.M.L., A.E.S., R.B.C.,
D.S.P., and D.R.H., unpublished data). Although nerve
conduction and electromyographic testing were not per-
formed on CMT-affected individuals in this family, their
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Figure 1 A, Pedigree showing individuals from whom DNA was isolated (bars below symbol). Individuals marked with an asterisk (*)
were included in the original 10K Array linkage study. The bars represent the 2q31 chromosomal section betweenmarkers D2S124 andD2S1391.
B, Critical-region haplotypes in affected individuals, in more detail. All 16 affected individuals—but no unaffected individuals—contain the
same chromosomal section distal to D2S1267 and proximal to D2S2978 (boxed). VpCVT; MpCMT; BpCVT and CMT; Npunaffected. An
asterisk (*) indicates a presumed 5–6 reversion mutation.
clinical ﬁndings were typical of CMT, though with a
somewhat earlier-than-usual onset and less clinical
severity.
A whole-genome linkage analysis with the Affymetrix
GeneChip Mapping 10K Array (10K Array) (Kennedy et
al. 2003) was performed on nine CVT-affected and ﬁve
unaffected individuals from this family (ﬁg. 1). DNAwas
concentrated with Pellet Paint Co-Precipitant (EMDBio-
sciences) prior to preparation and application onto the
10K Arrays, as per manufacturer instructions (Affymet-
rix). Arrays were scanned once with the Agilent Gene-
Array 2500 scanner and were analyzed with Affymetrix
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Figure 2 Radiographs of individual V:2 at age 9 years. Despite
casting for CVT at age 6 mo, the left foot still shows CVT (A), and
the right foot shows a high arch (arrow) and claw toes typical of CMT
(B). npnavicular; Tptalus; cpcalcaneus. Adapted from E.M.L.,
A.E.S., D.S.P., R.B.C., and D.R.H. (unpublished data).
GeneChip DNA Analysis Software to generate genotype
calls for each of the SNP probes on the array.
The 10K Array call rate in this study was reduced to
85%–95% rather than the expected 195% call rate. The
reduced call rate was probably caused by the genomic
DNA going through multiple freeze-thaw cycles, which
would have overfragmented the genomic DNA. It is un-
fortunate that this fragmentation and its resultant inﬂu-
ence on the number of genotype calls in the data set
prevented the use of Merlin software (Abecasis et al.
2002) for performance of a nonparametric linkage analy-
sis of the SNP data. However, using a novel proprietary
program (Varia [Silicon Genetics]), we were able to per-
form several methods of whole-genome parametric link-
age analysis, including one based on individual markers
and one based on a haplotype map deduced from the
data. A screening of the parametric whole-genome LOD
scores obtained through this approach (with an auto-
somal dominant model, under the assumption of 95%
penetrance and a dominant allele frequency of 0.001)
indicated a maximal LOD score of 2.5 on chromosome
2q31, 176–179 Mb (on the basis of the July 2003 freeze
of the human genome [UCSC]). Two separate haplotype
blocks encompassing a total of eight SNPs in this region
achieved the 2.5 LOD score (ﬁg. A1 [online only]). The
ﬁrst of these haplotype blocks consisted of three SNPs,
two of which were located in the HOXD gene cluster.
At a LOD score threshold of 2.0, only a single additional
haplotype block was obtained—and it was located im-
mediately adjacent to the ﬁrst two haplotype blocks on
chromosome 2q (172–176Mb). Aside from chromosome
2q, no additional haplotype blocks were obtained at any
LOD score threshold 11.6. Although the 2.5 LOD score
obtained in this screening did not meet traditional cri-
teria for genomewide signiﬁcance, it did provide consid-
erable localizing power. A parallel analysis, by use of
Varia, to perform a family-based transmission/disequi-
librium test based on the whole-genome haplotype map
for this family conﬁrmed a marginally signiﬁcant peak
haplotype block at this same region of chromosome 2q31
(177–179 Mb; ; ; 3 df).2x p 7.5 Pp .057
The segregation pattern of this 2q31 candidate region
was extended into the rest of the pedigree by use of mi-
crosatellite markers identiﬁed on the Ensembl andHuman
Genome Resources Web sites and was found to continue
to show linkage. Microsatellite markers were then used
in linkage analysis on the whole family to reﬁne a can-
didate-gene critical region of 4.97–6.78 Mb between
markers D2S1267 and D2S2978, a region of 6.58–7.6
cM (ﬁg. 1B). This region contains 150 known genes, in-
cluding the HOXD gene cluster.
The ﬁve 5′-most members of the HOXD cluster
(HOXD13, HOXD12, HOXD11, HOXD10, and
HOXD9) are the vertebrate counterparts of the Dro-
sophila abdominal B (Abd-B) gene. Since they, as well
as the ﬂanking EVX2 gene, are known to have a critical
role in limb morphology (Duboule 2002; Goodman
2002), they were sequenced in an affected individual (ﬁg.
1 [individual III:8]). PCR primers were designed to am-
plify the coding sequences and intron-exon boundaries
of these six candidate genes within the critical region
(table A [online only]). Sequencing of all exon-intron
boundaries and coding sequences of these six genes re-
vealed only one coding sequence mutation (ﬁg. 3), a
single-nucleotide thymineradenine transversion at nu-
cleotide position 956 in exon 2 of HOXD10. This cod-
ing alteration results in a missense mutation at codon
319 (M319K), with the replacement of a methionine
(ATG) with a lysine (AAG). This methionine is at po-
sition 54 of the homeodomain in the “recognition” helix
and is known to make contact with the major groove
of the binding site of the target DNA (Gehring 1994).
All symptomatic family members (with CVT or CMT)
were heterozygous for M319K, and none of the family
members with normal feet carried M319K. This gave
a maximum two-point LOD score of 6.33 at 0 cM.
M319K was not detected in 114 Italian American chro-
mosomes, 200 Italian chromosomes, or 162 chromo-
somes of white but otherwise unspeciﬁed ethnic back-
ground, indicating that it is a rare genetic variant not
normally observed in the United States or general Italian
populations.
Genes containing a homeobox occupy a critical po-
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Figure 3 A, Electropherogram showing M319K mutation se-
quence. B, NlaIII digested 181-bp products, run on a 2% agarose gel
from a subset of affected and unaffected family members. Since the
HOXD10 M319K mutation does not alter a naturally occurring re-
striction enzyme recognition site, a primer (TCAAGATTTGGTTTC-
AAAACCGCCGC*A) was designed that would create an NlaIII site
in combination with wild-type sequence but not with the M319K
mutation.
sition in the cascade of genes that are coordinately ex-
pressed during body pattern formation. HOX genes,
so named because they contain a highly conserved 60
amino acid motif called the “homeodomain” encoded
by the 180-nucleotide homeobox, are helix-turn-helix
transcription-factor genes. They were ﬁrst described for
Drosophila and were subsequently found to be very
widespread, and they can be found in, for example,
yeast, plants, sponges, and humans (Gehring 1994). In
vertebrates, the HOX genes occur in four clusters; the
order of the genes within each cluster is correlated not
only with their temporal and spatial order during de-
velopment but also with their level of expression
(Kmita et al. 2002). They are expressed in a colinear
order, ﬁrst in the forelimb, then the hind limb, and then
slightly later in the hand, wrist, ankle, and foot (Krum-
lauf 1994; Nelson et al. 1996). In humans, these clus-
ters are on chromosomes 7p15.2 (HOXA), 17q21.32
(HOXB), 12q13.13 (HOXC), and 2q31.1 (HOXD).
A summary of human mutations in the HOXA and
HOXD genes resulting in abnormal limb phenotypes is
presented by Goodman and Scambler (2001) and Good-
man (2002). In humans, haploinsufﬁciency for the 5′
HOXD members results in dominantly inherited syn-
polydactyly (SPD [MIM 186000]) (Goodman et al.
2002). Speciﬁc mutations in HOXD13 also result in
SPD (Muragaki et al. 1996), whereas HOXA13 mu-
tations can cause hand-foot-uterus syndrome (MIM
140000) (Mortlock and Innis 1997) and Guttmacher
syndrome (MIM 176305) (Innis et al. 2002).
The side chains of four amino acids at positions 47,
50, 51, and 54 of the homeodomain, part of the “rec-
ognition” helix, are involved in contacting the nucleo-
tides in the binding site (Gehring 1994). They play a key
role in determining DNA-binding speciﬁcity by inter-
acting with the base pairs that follow the TAAT core
sequence of the homeodomain-binding site. For example,
changing the amino acid at position 50 of the homeodo-
main from lysine to glutamine can alter the homeodo-
main class (Hanes and Brent 1991), whereas a gluta-
minerleucine substitution at position 50 of HOXA13
causes Guttmacher syndrome (Innis et al. 2002). The
residue at homeodomain position 54 (the location of
M319K) of the different HOX gene classes is also im-
portant in distinguishing one from another (Ekker et al.
1994), though it is not normally a lysine. A methionine
is found at position 54 of the homeodomain in all mem-
bers of the HOXD cluster members except HOXD13,
where it is replaced by a valine. A methionine is con-
served at this position in Hoxd10 in other species—for
example, in the coelacanth (Latimeria menadoensis) and
in the fruitﬂy (Drosophila melanogaster) Abd-B gene; it
is also conserved in the other two paralogous human
group members (HOXA10 and HOXC10). This would
indicate that the methionine at this position inHOXD10
is under severe functional restraint, which prevents its
substitution.
A missense mutation (Q50L), described elsewhere (In-
nis et al. 2002), in the HOXA13 homeodomain results
in Guttmacher syndrome. This mutation probably alters
the DNA binding to at least some HOXA13 target sites
and acts through a gain in function. It was speculated
that the mutant HOXA13 protein interfered with one
or more of the posterior HOXD proteins expressed in the
developing forelimb. Thus, although it is possible that
M319K could have its pathogenic effect through haplo-
insufﬁciency of the HOXD10 protein acting as a domi-
nant negative, it seems more likely that the diseasemech-
anism is via a novel gain of function that could lead to
a change in target speciﬁcity and/or binding afﬁnity (Ades
and Sauer 1994). This interpretation would also explain
why it has a dominant mode of inheritance.
It is not immediately obvious what factors determine
the difference between M319K heterozygotes expressing
CMT or, more usually, in CVT. Such a wide range of
expression perhaps indicates a general disruption of the
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development of the foot. The occurrence of CVT in one
foot and CMT in the other foot of the same individual
would seem to indicate that at least some of the factors
involved in the development of the foot are stochastic in
nature.
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